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Abstract 
The rule-of-thumb in marine trophodynamics indicates that the bigger an organism, the higher its trophic 
level (TROPH). This generalization leads to the assumption that fishes increase their TROPH with 
growth. However, a recent review showed that for many species TROPH does not increase with body 
size, suggesting that size-independent feeding is not rare in marine fishes. Here, we assessed some 
morphological traits of marine fishes that could potentially be used as indicators for the ability to vary 
TROPH with body size. Stable isotope values of nitrogen were used as a proxy TROPH. The specific 
objectives were: (1) to evaluate the relationship between the oral gape and the trophodynamic trend; and 
(2) to quantify the relevance of 11 external morphological traits in determining the size-based 
trophodynamics. We used random forest models to identify the morphological traits that would help 
predict which species would have the potential to increase TROPH with growth, and which would have 
not. The selected traits included the pelvic fin relative position, the dorsal fin shape, total length and 
relative mouth size. Our results also showed a marked relationship between the rate of increase of the 
oral gape and TROPH. The analyses presented here provide the first comprehensive and quantitative 
review aiming at linking the trophodynamics of marine fishes with external morphological traits. 
Keywords: Marine Bony Fishes, Marine Food-Webs, Morphological Traits, Oral Gape, Random 
Forest, Stable Isotopes
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1 INTRODUCTION 1 
In a dramatic scene from ‘Star Wars, Episode I: The Phantom Menace’, Jedi Qui-Gon Jinn and his young 2 
apprentice, Obi-Wan Kenobi, were fleeing away from enemy drones in a bongo submarine when they 3 
were attacked by a giant colo clawfish. The situation seemed hopeless for their local guide, Jar Jar Binks, 4 
but another gigantic nightmarish creature appeared from behind and devoured the colo clawfish, saving 5 
our heroes. Qui-Gon Jinn displayed Jedi wisdom: "there is always a bigger fish" 6 
(https://www.youtube.com/watch?v=IIQVAShJzLo). 7 
Trophic relationships in marine communities are strongly determined by body size, with the general rule 8 
being that predators are bigger than their prey (Cohen, Pimm, Yodzis, & Saldaña, 1993; Brose et al., 9 
2006; Jennings, De Oliveira, & Warr, 2007), from which derives the premise: the bigger an organism, 10 
the higher its trophic level (TROPH). This generalization leads to the assumption that the size structure 11 
of a community is a good representation of its trophic structure (Jennings & Blanchard, 2004). Within 12 
marine communities, this assumption is predominantly a consequence of intra-specific increases in 13 
TROPH with growth rather than the effect of larger species (species with greater maximum body mass) 14 
feeding at higher TROPH (Jennings, Pinnegar, Polunin, & Warr, 2002). As fishes have an indeterminate 15 
growth it is expected that they show a positive trophodynamic trend during their entire lifetime (the term 16 
trophodynamic hereafter will be used in an intra-specific context as in Badalamenti, D’Anna, Pinnegar, 17 
& Polunin (2002) and Greenwood, Sweeting, & Polunin (2010)). However, this pattern cannot be 18 
generalized for all fishes (e.g., Deudero, Pinnegar, Polunin, Morey, & Morales-Nin, 2004; Jennings, De 19 
Oliveira, & Warr, 2007; Funes, Liberoff, & Galván, 2014). In a review assessing the robustness of the 20 
stable isotope technique to detect size-based feeding in marine fishes, 36% of the 131 TROPH – body 21 
size correlations studied showed a positive trend, only 4% showed a negative one, and 60% were non-22 
significant (Galván, Sweeting, & Reid, 2010). About 50% of the non-significant trends reflected lack of 23 
statistical power, either due to a small sample size, a narrow body size range sampled or both (Galván, 24 
Sweeting, & Reid, 2010). These results, contrarily to what was expected, showed that for many species 25 
TROPH does not increase with body size, suggesting that size-independent feeding is not rare in marine 26 
fishes.  27 
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Simple food web models that use the TROPH – body size relationships to link trophic and abundance 28 
pyramids (Trebilco, Baum, Salomon, & Dulvy, 2013) assume a unique trophodynamic trend for all the 29 
individuals in a marine community, irrespective of the species identity (Jennings & Blanchard, 2004; 30 
Maury et al., 2007). Nonetheless, the inclusion of more than one unique type of trophodynamic trend in 31 
the models might help to increase realism while keeping simplicity. For example, Blanchard et al. (2009) 32 
disaggregated the marine community of the North Sea in two groups; one of these groups was composed 33 
of fishes that feed according to body size, and the other comprised benthic invertebrates that feed on 34 
detritus and phytoplankton, irrespective of their body size. Such model captures more realistically the 35 
different types of trophic interactions, being the slope of the invertebrate spectrum shallower than the 36 
predator spectrum due to the existing differences in their energetic constrains (Blanchard et al., 2009). 37 
In that sense, the partition of the fish assemblages in two groups with different trophodynamic trends 38 
would account for differences in the energetic constrains among fishes. The capability to disaggregate 39 
a fish assemblage by trophodynamic trend relies on the availability of size-based feeding studies for the 40 
species that comprise it. Hence, the development of a classification tool based on morphological traits 41 
to identify which fishes may have a null, positive or negative trophodynamic trend would be helpful, 42 
particularly when detailed studies of diet are not available. Although there is a growing number of 43 
studies describing the ecomorphological traits that facilitates the classification of teleosts in different 44 
trophic guilds (e.g., Sibbing & Nagelkerke, 2001, Albouy et al., 2011), only a few works attempted to 45 
explain trophodynamics on the basis of morphological traits. The majority of the existing studies focused 46 
on gape and fish size as the most relevant traits constraining size-based feeding behaviour, but did not 47 
explore the potential influence of other morphological features. Specifically, when the oral gape (sensu 48 
Mihalitsis & Bellwood, 2017) was evaluated, the results were nonuniform (i.e., predator’s oral gape 49 
limits its prey size range in some species but this is not true for others). Inoue, Satoh, Mekata, Iwasaki, 50 
& Mori (2016), in their experiment on cannibalistic behaviour of juvenile longtooth grouper 51 
(Epinephelus bruneus, Serranidae), show that maximum prey size was limited by the oral gape of fish 52 
relative to the size of the available prey. In other studies, it is suggested that there is a strong association 53 
between gape, body size, and TROPH (Karpouzi & Stergiou, 2003; Arim, Abades, Laufer, Loureiro, & 54 
Marquet, 2010; Karachle & Stergiou, 2011), and that the more carnivorous a species, the larger its mouth 55 
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area relative to its body size, with oral gape being an indicator of piscivory (Karachle & Stergiou, 2011). 56 
Furthermore, Bachiller & Irigoien (2013) found that oral gape alone cannot explain the predator-prey 57 
size relationship in eight common small pelagic fish species. Nevertheless, as far as we know, the 58 
morphological conditionings exhibited by some fishes that increase their TROPH with growth, or the 59 
relationship between the trophodynamic trend and morphology, have not yet been investigated in depth. 60 
In this study, we assessed some morphological traits that could potentially be used as indicators for the 61 
ability to vary TROPH with body size in marine fishes. The specific objectives were: (1) to evaluate the 62 
relationship between the oral gape and the trophodynamic trend; and (2) to quantify the relevance of 63 
other external morphological traits in determining the size-based trophodynamics. 64 
2 METHODS  65 
2.1 Trophodynamic trend determination 66 
We used stable isotopes analysis (SIA) to overcome some of the limitations derived from the 67 
heterogeneous quality of the available information and from the lack of standardized procedures in the 68 
studies of diet to relate trophodynamic trends with other biological and morphological variables. This 69 
technique is a powerful tool, based on a series of assumptions (Post, 2002), that is commonly used for 70 
studying trophic relationships among animal species and for determining their positions in the food webs 71 
(Boecklen, Yarnes, Cook, & James, 2011). Stable isotope ratios of nitrogen (15N:14N expressed as δ15N) 72 
are the preferred tool used to estimate TROPH of a consumer due to its higher trophic discrimination 73 
factor compared with other commonly used stable isotopes of carbon or sulphur (Post, 2002). Here, we 74 
collated size-based feeding information for marine fishes, based on δ15N, from the scientific literature 75 
using the Google Scholar (http://scholar.google.com/) and Scopus (http://www.scopus.com/) databases. 76 
We used the following keywords “fish”, “marine”, “trophic”, “size”, “diet”, “feeding” and “isotope”. 77 
This expanded the dataset of Galván, Sweeting, & Reid (2010) that covered the period from January 78 
1977 - July 2009, up to December 2015. To be included in the analysis, the studies must provide the 79 
following information: (a) the parameter values for the linear relationship between δ15N and body size 80 
(total length (TL), standard length (SL) or fork length (FL)) for each species (we assumed that the change 81 
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in δ15N with size represents the tendency to increase/decrease TROPH, see Post, 2002); (b) the values 82 
of r or R2; (c) the sample size (n); (d) the body length range; and (e) the significance of the 83 
trophodynamic trends. When the parameters of the linear relationships were not reported, we requested 84 
them from the original authors or we estimated them from the digitized scatter plots using the 85 
WebPlotDigitizer V.4.1 online tool (Rohatgi, 2018). Papers referring to larvae and post larvae were 86 
excluded from the analysis because morphological shifts may be related to ontogenetic changes. 87 
Flatfishes and elasmobranches were also excluded because of their morphological peculiarities and 88 
asymmetries, which precluded their assignment into the categories of traits used in this study (see 89 
below). 90 
As data on size-based feeding trends came from studies with different sampling designs, the quality of 91 
each relationship found (n = 301) was assessed, following the logical classification scheme shown in 92 
Figure 1. This allowed separating the non-significant relationships that revealed a null tendency, from 93 
those that lacked the power required to detect positive or negative trophodynamic trends. The 94 
classification scheme was assessed following the methodology used by Galván, Sweeting, & Reid 95 
(2010), which consisted of generating a set of 100,000 values of δ15N that satisfy the linear relationship:  96 
𝛿15𝑁 = 𝑏 𝑇𝐿 +  𝜀, 97 
where b represents the minimum threshold effect as a 0.33 change in TROPH over the lifetime; TL is 98 
the total length, consisting in a vector of 100,000 random values sampled from an uniform distribution 99 
within the size range reported for the relationship under evaluation; and ε is the error term, which 100 
includes the analytical error of the method and the differences among individuals, and was sampled from 101 
a normal distribution with µ = 0 and SD = 0.3 (Sweeting, Jennings, & Polunin, 2005). Then, we fitted a 102 
linear relationship to the generated values of δ15N-TL and estimated the r value for each model. This 103 
latter value was used to estimate the theoretical minimum sample size, n, to obtain a power (1-β) = 0.80 104 
with α = 0.05, using the expression:  105 
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𝑛 = (
𝑍1−𝛽 + 𝑍1−𝛼
1
2 ln (
1 + 𝑟
1 − 𝑟)
)
2
+ 3 106 
Where 𝑍1−𝛽 and 𝑍1−𝛼 are obtained from the standard normal distribution according to the power chosen 107 
for the study. Tabulated values of Z were taken from Pertegas Díaz & Pita Fernandez (2002). 108 
If the number of samples used to estimate the parameters of the relationship was equal or greater than 109 
the theoretical minimum number, the power was considered high enough to detect a null trophodynamic 110 
trend. Conversely, when the sample size was smaller than the theoretical minimum number, the 111 
trophodynamic trend (null, positive or negative) was categorized as “inconclusive”, since the power was 112 
not enough to detect a change of 0.33 TROPH. These inconclusive cases were re-evaluated to determine 113 
if the sample design had enough power to detect a change of at least one TROPH unit. If this condition 114 
was reached, the magnitude and corresponding sign of the trophodynamic trend (i.e., null, positive or 115 
negative) was assigned, although these cases were identified as inconclusive for the analyses.  116 
Overall, we retrieved 301 relationships of which 55 did not satisfy the minimum conditions to adequately 117 
describe the trophodynamics and thus were excluded from the analyses. The remaining 246 relationships 118 
referred to 131 species (Supplementary Information 1). For species with more than one relationship, 119 
some had either null and positive or null and negative trends, but never both positive and negative ones. 120 
In those cases, we considered the positive trend over the null one, and pooled null and negative trends 121 
because we aimed at explaining the potential of a species to increase its TROPH with size rather than to 122 
verify if this potential had been expressed or not depending on the availability of prey or other causes. 123 
Data filtering was performed by an ad-hoc code written for the statistical software R (R Development 124 
Core Team, 2017). 125 
2.2 Oral gape and fish length 126 
To obtain oral gape (OG)-TL power relationships (i.e., 𝐺 =  γ 𝑇𝐿c, where γ and c are model parameters), 127 
we used data from bony fishes from the eastern Atlantic Ocean, the Aegean Sea, and the Mediterranean 128 
Sea, reported in Erzini, Goncalves, Bentes, & Lino (1997), Karpouzi & Stergiou (2003), and Karachle 129 
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& Stergiou (2011). The trophodynamic trends based on isotopic data were available for 29 of those 130 
species, belonging to 16 families. As we excluded five species for which less than 10 measurements of 131 
OG and TL were available, and another two for which OG-TL data did not fit well a power function, a 132 
total of 22 species belonging to 12 families were selected (Supplementary Information 2). In addition, 133 
OG-TL power relationships were also estimated for six of the most abundant species of the northern 134 
Patagonia rocky reef fish assemblage (Galván, Venerus, & Irigoyen, 2009), belonging to four families, 135 
for which information about their trophodynamic trends was also available (Supplementary Information 136 
3). Thus, overall, 27 species from 13 families were used for the analysis. For Red porgy (Pagrus pagrus, 137 
Sparidae) which occurs in both the Aegean Sea and in Argentinean waters, we pooled data from the two 138 
regions (Supplementary Information 2). 139 
Horizontal (HMO) and vertical (VMO) mouth openings were measured to the lower mm, and OG was 140 
estimated assuming an ellipsoidal shape for the open mouth: 𝑂𝐺 = 𝜋 (
𝐻𝑀𝑂
2
) (
𝑉𝑀𝑂
2
) ( Erzini, Goncalves, 141 
Bentes, & Lino, 1997; Karachle & Stergiou, 2011). As the assumption of multiplicative log-normal error 142 
was better supported for most data sets (results not shown), the parameters of the power functions were 143 
estimated by fitting linear regressions to the log transformed data (i.e., log(𝑂𝐺) =  log 𝛾 + 𝑐 log(𝑇𝐿)) 144 
using R (R Development Core Team, 2017), following Xiao, White, Hooten, & Durham (2011). 145 
2.3 Morphological traits 146 
We used photographs of the 131 selected species (Supplementary Information 1), obtained from web 147 
sites: FishBase (www.fishbase.org) (Froese & Pauly, 2017), Ictio-Term (http://www.ictioterm.es/), and 148 
from identification guides: Cousseau & Perrotta (2000), Louisy (2006), and Irigoyen & Galván (2010), 149 
to identify the external morphological traits that could explain the ability to change the TROPH with 150 
increasing size. In order to standardize the methodology, we searched for side view photographs of 151 
fishes with their mouths closed. Occasionally, more than one photograph per species was used. Nine 152 
qualitative traits related to the external shape were taken from each photograph. Those variables had not 153 
only been identified by different authors as potentially relevant to feeding behavior (Webb, 1984a; 154 
Sibbing & Nagelkerke, 2001; Wund, Baker, Clancy, Golub, & Foster, 2008; Albouy et al., 2011; 155 
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Karachle & Stergiou, 2012; Reecht, Rochet, Trenkel, Jennings, & Pinnegar, 2013 Froese & Pauly, 2017; 156 
see Table 1), but they were also easy to categorize even when photographs had not been taken with this 157 
particular purpose in mind.  Indeed, some traits were inspired in the original formulations due to the 158 
constraints imposed by the side view photographs. Two additional quantitative traits, the caudal fin 159 
aspect ratio (A) and the maximum total length (TLmax) were taken from FishBase (Froese & Pauly, 2017) 160 
(Table 1). As some caudal fin aspect ratio values were not reported in FishBase, they were calculated 161 
from photo measurements of height and surface area of the caudal fin, measured with the Microsoft 162 
Publisher Software. All length types (SL or FL) were transformed to TL using the length-length table 163 
of FishBase. When more than one SL-TL or FL-TL relationships were available for the same species, 164 
we used the average of all possible TL results. When there was no relationship available for a particular 165 
species, we used SL-TL or FL-TL relationships reported for fishes of the same genus. 166 
2.4 Relationship between trophodynamic trend and oral gape 167 
For this analysis we estimated the ellipsoidal oral gape and defined the rate of increase of the oral gape 168 
(RIOG) as the first derivative of the power OG-TL function with respect to TL, at the maximum TL 169 
value reported for the SIA for each fish species:  𝑅𝐼𝑂𝐺𝑇𝐿𝑚𝑎𝑥 𝑆𝐼𝐴 = 𝑂𝐺(𝑇𝐿𝑚𝑎𝑥 𝑆𝐼𝐴) = 𝛾 𝑐 𝑇𝐿
𝑐−1 (Fig. 170 
2). To estimate 1st and 3rd quartiles for the RIOG index for each species, we reconstructed their statistical 171 
distributions by extracting 100,000 pairs of coefficients γ and c assuming a bivariate normal distribution. 172 
Our hypothesis, based on the results showed in Figs. 1-3 from Karachle & Stergiou (2011), was that 173 
fishes increasing their TROPH with size should have larger RIOG values due to the possibility of feeding 174 
on a larger variety of prey. For the analyses, we ranked fishes from the lowest to the highest RIOGTLmax 175 
SIA value and assigned the corresponding trophodynamic trend (positive or null). A Kruskal-Wallis 176 
ranking test (Crawley, 2012) was used to test if the RIOG index was related to the trophodynamic trend. 177 
The distribution of the Kruskal-Wallis statistic based on the data available was approximated by running 178 
Monte Carlo permutations (n=10,000) (Manly, 1991). 179 
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2.5 Relationship between trophodynamic trend and other morphological traits 180 
We used random forest models (RF) to investigate which morphological traits, other than oral gape, are 181 
relevant for classifying the species into two groups: those that show a positive trophodynamic trend and 182 
those that do not show it. Oral gape was not included among the morphological variables in the RF 183 
analysis due to the restricted number of species for which we had data. There is not a specific hypothesis 184 
to be tested with the RF analysis; instead, we aimed to obtain a descriptive ranking of the potential 185 
predictor variables with respect to their importance (Strobl & Zeileis, 2008). Classification with RF is 186 
based on the combination of many classification trees, which outputs the most popular class 187 
(classification) of each individual tree (Breiman, 2001). An important shortcoming of RF models that 188 
aim at separating the data into two classes is that they tend to evaluate the minor class as 189 
misclassification cases when the number of cases in each class is highly unbalanced. In this study, 92 190 
out of 131 species (70%) exhibited a positive trophodynamic trend, while only 39 (30%) showed a non-191 
positive one. In order to overcome this problem, we perfomed 100 RF models using equal numbers of 192 
species having positive and non-positive trophodynamic trends by randomly choosing 39 cases among 193 
the species bearing positive trophodynamic trends in each RF run. The performance of the classification 194 
procedure was evaluated by estimating the ‘out of bag’ error (Breiman, 2001) and by generating 2×2 195 
confusion matrixes. For each RF run, the variables were ranked in decreasing order of importance to 196 
assess their relevance in the classification accuracy. The conditional variable importance index (Strobl, 197 
Hothorn, & Zeileis, 2009) was used instead of the Gini importance or the mean decrease in accuracy. 198 
Both indices are biased when predictor variables are correlated, categorical predictors differ in the 199 
number of categories or continuous predictors differ in the scale of measurements (Strobl, Boulesteix, 200 
Kneib, Augustin, & Zeileis, 2008; Strobl, Hothorn, & Zeileis, 2009). Then, the most relevant variables 201 
in all the 100 RF runs were identified from the boxplots for the conditional variable importance indices 202 
(see Results). Finally, to visualize the relationship of the most relevant variables with the trophodynamic 203 
trends, we plotted different classification trees, including as predictors each of those variables 204 
separately. All calculations were done using the packages “party 1.2-3” (Strobl, Boulesteix, Kneib, 205 
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Augustin, & Zeileis, 2008) and “tree 1.0-37” (Ripley, 2016) of the R software (R Development Core 206 
Team, 2017). Each RF model was based on 5,000 classification trees.  207 
3 RESULTS 208 
3.1 Relationship between trophodynamic trend and oral gape 209 
The exploratory analysis suggested that fishes for which TROPH increased with size generally had 210 
larger maximum oral gapes compared to fishes characterized by a rather constant TROPH throughout 211 
their lifetime, or with species that decreased their TROPH with size (Fig. 3a, b). This pattern was 212 
consistent for species inhabiting all the regions included in the analyses (i.e., Eastern Atlantic Ocean, 213 
Aegean Sea, Mediterranean Sea, and Southwest Atlantic Ocean) Accordingly, larger RIOG values were 214 
linked to positive trophodynamic trends (Kruskal-Wallis statistic = 6.840; P = 0.006). Nevertheless, a 215 
few deviations from this general pattern were evident (Black seabream, Annular seabream and Common 216 
pandora (Spondyliosoma cantharus, Diplodus annularis and Pagellus erythrinus, Sparidae), all showing 217 
low RIOG values despite having a positive trophodynamic trend) (Fig. 3c). The opposite pattern (i.e., 218 
high RIOG values for fishes having relatively stable TROPH) was observed in Small red scorpionfish 219 
(Scorpaena notata, Scorpaenidae) and John dory (Zeus faber, Zeidae) (Fig. 3c). On the other hand, most 220 
fishes of the same genus showed different trophodynamic trends. For example, Common two-banded 221 
seabream, South American silver porgy and White seabream (Diplodus vulgaris, Diplodus argenteus 222 
and Diplodus sargus, Sparidae), all with an inconclusive quality trophodynamic trend had a non-positive 223 
trophodynamic trend. Similarly, Axillary seabream (Pagellus acarne, Sparidae) showed a null 224 
trophodynamic trend (inconclusive) and P. erythrinus a positive tendency. However, at the family level 225 
they were, in general, close to each other in terms of RIOG values (i.e., Sparidae and Pinguipedidae) 226 
(Supplementary Information 1). 227 
3.2 Morphological analysis 228 
Overall, the RF models had a mean correct classification rate of 76%. The classification performance 229 
was different for both trophodynamic trends (positive and null/negative): while the model predicted 230 
correctly an average of 82.5% of the non-positive trends, only 69.5% of the positive ones were well 231 
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assigned (Paired t-test results: t = -16.07, df = 99, p-value = <0.001). ‘Pelvic fins position’ (PFP), ‘Dorsal 232 
fin shape’ (DFS), ‘Total Length’ (TL) and ‘Relative mouth size’ (RMS) were the most relevant traits in 233 
the classification process (Fig. 4). These four traits allowed body-shape features associated with each 234 
trophodynamic trend be identified (Fig. 5). For PFP, most species with the pelvic fins in abdominal 235 
position did not increase their TROPH throughout their lifetime (e.g., Bogue (Boops boops, 236 
Sparidae), Atlantic herring (Clupea harengus, Clupeidae) and Blotched picarel (Spicara maena, 237 
Sparidae), whilst fishes lacking pelvic fins, or with them in jugular or thoracic position mostly exhibited 238 
a positive trophodynamic trend (Fig. 5; e.g., Lesser sand-eel (Ammodytes marinus, Ammodytidae), 239 
Argentine and European hake (Merluccius hubbsi and Merluccius merluccius, Merluccidae) and Pearly 240 
razorfish (Xyrichtys novacula, Labridae)). Fishes with uniform dorsal fins had mostly null 241 
trophodynamic tendencies (Fig. 5; e.g., B. boops or Spotty (Notolabrus celidotus, Labridae)). Regarding 242 
TL, fishes up to 455 mm TL exhibited a non-positive trophodynamic trend (e.g., Brazilian sandperch 243 
(Pinguipes brasilianus, Pinguipedidae), S. maena, S. notata, and C. harengus). Finally, fishes whose 244 
mouth ends before or at the anterior edge of the eye commonly did not show an increase in the TROPH 245 
with size (Fig. 5; e.g., B. boops, D. argenteus, P. brasilianus). 246 
4 DISCUSSION  247 
Many efforts have been made to relate fish morphology and trophic ecology. As a result, there is an 248 
extensive scientific literature that aimed to analyze functional morphology and trophic resource 249 
partitioning in particular groups (e.g., Sibbing & Nagelkerke, 2001; Bellwood, Wainwright, Fulton, & 250 
Hoey, 2006) or to predict trophic guild structure from ecomorphological traits in fishes inhabiting 251 
particular areas (e.g., Boyle & Horn, 2006; Albouy et al., 2011). Disctintly, the present work attempted 252 
to include so many marine bony fishes from different habitats as it was possible and, to our knowledge, 253 
constitutes the first comprehensive and quantitative review aiming at linking the trophodynamics of 254 
marine fishes with several quali- and quantitative, external morphological traits. Through RF models 255 
we identified a few relevant morphological traits that may help to predict which species would have the 256 
potential to increase their TROPH with fish growth, and which would have not. These traits included 257 
the pelvic fins position, dorsal fin shape, total length and relative mouth size, which combined allowed 258 
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general body-shape patterns to be recognized (Fig. 5). Our results also showed a marked relationship 259 
between the rate of increase of the mouth area (RIOG) and TROPH. Overall, fishes with RIOG values 260 
over 40 mm² of oral gape/cm of TL tend to increase their TROPH throughout their lifetime.  261 
Our findings involving the position and morphology of some fins is not surprising as the locomotion in 262 
fishes and other vertebrates is highly integrated with prey capture and feeding (Higham, 2007a, 2007b; 263 
Rice & Hale, 2010 and references therein). Indeed, the most important and common functions of median 264 
and paired fins are slow swimming, posture control, precise maneuvering and braking (Keast & Webb, 265 
1966; Webb, 1984a, 1984b), which are needed for positioning the body relative to the food item for both 266 
suction and ram feeding (Higham, 2007a, Rice & Hale, 2010 and references therein). Domenici (2003) 267 
suggested that the high performance of these functions in fishes is associated with structurally-complex 268 
habitats and is required both for predators and prey because of the brief nature of the encounters. The 269 
feeding behavior of fishes in complex environments requires maximal acceleration and high 270 
maneuverability before prey can maneuver and/or reach shelter, so dorsal and paired fins propulsion is 271 
a fundamental component in ambush or sit and wait foragers (Webb, 1984b), such as Patagonian redfish 272 
(Sebastes oculatus, Sebastidae) and Red scorpionfish (Scorpaena scrofa, Scorpaenidae). In general, 273 
members of the genus Scorpaena have big paired fins in thoracic position and are ambush predators 274 
characterized as macrophagic carnivores, due to the large size of their preferred prey compared to their 275 
body size (e.g., Harmelin-Vivien, Kaim-Malka, Ledoyer, & Jacob-Abraham, 1989; La-Mesa, La-Mesa, 276 
& Tomassetti, 2007; Başçınar & Sağlam, 2009). Our results showed that most of the species with their 277 
pelvic fins in thoracic position together with a separated dorsal fin exhibited a positive trophodynamic 278 
trend, and appear to be highly adapted to fast continuous swimming (e.g., M. hubbsi, Swordfish (Xiphias 279 
gladius, Xiphiidae)) as they occupy open water habitats. In that habitat, food items are widely spread 280 
throughout the water column so dorsal and paired fins’ propulsion would not be used much and those 281 
species would be mostly active foragers. Alternatively, the position and morphology of fins may be 282 
correlated with other traits driving the trophodynamic trends, not explored in our analyses. In any case, 283 
the pelvic fins position and the morphology of the dorsal fin, combined with other traits identified (i.e. 284 
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TL, RMS and RIOG), are good indicator variables. A proof of this is the high overall correct 285 
classification rate obtained. 286 
Our RF analysis also pointed to the relative size of the mouth as another important characteristic driving 287 
the potential to increase TROPH with growth, coincidentally with the general trend showed by the rate 288 
of increase of the oral gape. Previous studies had proposed the size of the mouth as the most relevant 289 
driver of TROPH (Karpouzi & Stergiou, 2003; Karachle & Stergiou, 2011; Inoue, Satoh, Mekata, 290 
Iwasaki, & Mori, 2016). Through our analyses, we showed that this feature, via the RIOG value, in 291 
conjunction with other morphological traits, was a good predictor of the trophodynamic trend. The 292 
general rule proposed here, as well as by previous studies (Karpouzi & Stergiou, 2003; Karachle & 293 
Stergiou, 2011; Inoue, Satoh, Mekata, Iwasaki, & Mori, 2016), is that a positive correlation exists 294 
between the oral gape and total length with TROPH. However, in a recent work on the ability of some 295 
fishes to protrude their jaws, it was suggested that this feature would enable the distance to be reduced 296 
between the predator and the prey at the instance of a reduction in the size of the prey consumed 297 
(Bellwood, Goatley, Bellwood, Delbarre, & Friedman, 2015). As a consequence, in species in which the 298 
protrusion of the mouth is highly developed, a large mouth may not necessarily translate into an increase 299 
in TROPH. Since we used photographs to assign the corresponding categories for each morphological 300 
variable, we were unable to include the protrusion capability as a potential explanatory variable, which 301 
would have allowed improving our models. Z. faber is a good example of a species with protrusible 302 
jaws, and although it has a big mouth and a large RIOG value, it does not increase its TROPH with 303 
growth. 304 
The conclusions about the trophodynamic trends exposed here were affected by both the quality and 305 
quantity of information available. Even though we have done an extensive review, we found information 306 
satisfying the minimum conditions to adequately describe the trophodynamics for only 131 species (out 307 
of 301 species included in our initial review). Similarly, we found only three publications that reported 308 
the power function of the elliptical mouth area on fish size (Erzini, Goncalves, Bentes, & Lino, 1997; 309 
Karpouzi & Stergiou, 2003; Karachle & Stergiou, 2011). Unfortunately, SIA information was available 310 
for 29 of those species, and only 21 of the relationships between oral gape and total length had been 311 
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fitted with more than 10 fish. In this sense, this work showed that the trophodynamics of only a few 312 
species of marine bony fishes have been studied using SIA and that there is a lack of standardization in 313 
the way in which that information was analyzed and presented (e.g., in a few cases, we needed to 314 
approach authors directly to request regression parameters). In addition, despite its apparent potential to 315 
understand the trophic ecology of marine fishes, as we described here, the estimation of the relationship 316 
between oral gape and total length was rarely made. The promotion of studies on trophodynamics and 317 
morphology, as well as the standardization of protocols to obtain the data and present the results would 318 
be a necessary step to confirm the trends presented here. The limited information available made it 319 
difficult to obtain robust conclusions at the supraspecific levels. For example, in the case of the Sparidae, 320 
which was the most represented family, with nine species out of a total of 154 (Froese & Pauly, 2017), 321 
the range of RIOG values for the different species was narrow, with a maximum difference of 57 mm2 322 
/cm TL. Nevertheless, the Sparidae had representatives bearing both positive and non-positive 323 
trophodynamic trends. However, the three serranids included in the analyses out of 540 (Froese & Pauly, 324 
2017: Mero, Comber and Painted comber (Acanthistius patachonicus, Serranus cabrilla and Serranus 325 
scriba, Serranidae)), exhibited positive trophodynamic trends but showed a RIOG range of 237 mm2 326 
/cm TL, which covered almost the overall range for all the fishes studied (282 mm2 /cm TL). The 327 
different trophodynamic trends showed by species belonging to the same family suggest that there would 328 
not be a unique trophodynamic trend sheared by all family members. According with this observation, 329 
Albouy et al. (2011) noted that species belonging to the same family may exhibit very diverse 330 
morphologies and thus functional traits. 331 
Our findings, that would allow classifying fishes by their potential to increase TROPH with size from a 332 
few morphological features, are helpful for food web modeling. More realistic models disaggregate the 333 
whole community into groups of species with different trophodynamic trends (Blanchard et al., 2009). 334 
The results presented here may be used to identify fishes from other trophic guild than detritivores but 335 
exhibiting null or negative trophodynamic trends, and split predators into different groups. In the model 336 
described in the Table 2 from Blanchard et al. (2009), for example, the authors defined coefficients ωB 337 
and ωP to represent the fraction of time spent by predators feeding in the benthic or in the pelagic zone, 338 
14 
 
respectively. The sum of both coefficients equaled one. Following this logic, a further refinement should 339 
demand to split the pelagic coefficient to represent species with positive or null trophodynamic trends 340 
as it is shown in the conceptual illustration of such size-structured food web model (Fig. 6). Based on 341 
our results, this could be done even when the trophic ecology of the species involved did not be 342 
completely understood. The proposed conceptual model agrees with the general rule being that predators 343 
are bigger than their prey in marine communities, but captures the complexity that feeding on bigger 344 
prey as the predators grow does not always traduce in increasing TROPH. In addition, the model is 345 
consistent with our results in that fishes exhibiting positive trophodynamic trends reach body sizes 346 
bigger than those species exhibiting null trophodynamic trends (Fig. 6). 347 
Finally, it is important to consider that we based our review on trophodynamic information derived from 348 
stable isotope ratios, which are sometimes difficult to interpret without direct observations derived from 349 
stomach contents. For example, in fish assemblages from tropical rivers, the mean body sizes of 350 
predators and their prey, determined by stomach content analyses, were significantly correlated, but the 351 
TROPH of those fishes, estimated by stable isotope ratios, were unrelated to body size (Layman, 352 
Winemiller, Arrington, & Jepsen, 2005). The authors interpreted that there was not a significant 353 
relationship between body size and TROPH among prey. A next step to move forward on this research 354 
topic, besides our request for standardization, would be through the inclusion of information on 355 
trophodynamics derived from direct observations of gut contents. 356 
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TABLE 1 Categorical and numerical external morphological traits described for each species. 532 
Drawings were adapted from Cousseau & Perrotta (2000) and Smith, C. (1997).  533 
Abbreviation Morphological trait Category / Formula Drawing 
MP1,3 Mouth position Superior 
 
Terminal 
 
Inferior 
 
RMS1 Relative mouth size Ends before the eye 
 
Ends at the anterior edge of the eye 
 
Ends at the center of the eye 
 
Ends at the posterior edge of the eye 
 
Ends behind the eye 
 
S4 Snout Not pronounced 
 
Pronounced 
 
Prg2 Prognathism Lower 
 
Null 
 
Upper 
 
ES1,4 Eye size Small 
 
Medium 
 
Large 
 
BS1 Body shape Depressed 
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Fusiform 
 
Tappering 
 
Compressed 
 
Anguiliform 
 
DFS7 Dorsal fin shape Continuous 
 
Notched 
 
Separated 
 
PFP1 Pelvic fins position Jugular 
 
Thoracic 
 
Abdominal 
 
No pectoral fin 
 
CFS5 
Caudal fin shape Forked 
 
Lunate 
 
Round 
 
Pointed 
 
A1,3,6 Caudal fin aspect ratio h2/s  
TLmax8 Maximum total length max (TL)  
Eye size was classified by estimating how many eye diameters fit in the space limited by the snout 534 
and the anterior edge of the eye; h = height of the caudal fin; s = surface area of fin (FishBase, Froese 535 
& Pauly, (2017)). The numbers close to the variables indicate some studies that had identified those 536 
traits as potentially relevant to feeding behavior. 1: Albouy et al. (2011); 2: Sibbing & Nagelkerke 537 
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(2001); 3: Reecht, Rochet, Trenkel, Jennings, & Pinnegar (2013); 4: Wund, Baker, Clancy, Golub, & 538 
Foster (2008); 5: Karachle & Stergiou (2012); 6: Froese & Pauly (2017); 7: Webb (1984a); 8: 539 
Romanuk, Hayward, & Hutchings (2011).540 
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FIGURE 1 Classification scheme used to evaluate the quality of the linear relationships between 541 
trophic level (TROPH) and total length (TL) (i.e., trophodynamic trend), extracted from the literature. 542 
(*) Is power enough to detect a change of 0.33 TROPH? (**) Is power enough to detect a change of 543 
1 TROPH? Statistical power calculation followed the procedure by Galván, Sweeting, & Reid (2010); 544 
power depended on the number of samples (n) and on the size range of the samples (ΔLsam). The 545 
shaded area indicates inconclusive trophodynamic trends. Disc.: discarded data. 546 
FIGURE 2 Scheme showing the rate of increase of the oral gape (RIOGTLmax SIA, bold line), which is 547 
the first derivative of the power oral gape-total length (OG-TL) function with respect to the TL, at 548 
the maximum TL value reported in the literature on stable isotope analysis (SIA) reviewed. 549 
FIGURE 3 a) Power function of the oral gape with respect to total length (𝐺 =  γ 𝑇𝐿c) for the 27 550 
species included in the analysis. Dashed lines represent species having a positive trophodynamic 551 
trend, while continuous lines identify the species with a negative or null trophodynamic trend, b) 552 
Insertion showing further detail from (a) and c) rate of increase of the oral gape (RIOGTLmax SIA) values 553 
calculated for each species. Spi mae=Spicara maena, Cor jul= Coris julis, Dip vul= Diplodus 554 
vulgaris, Sar pil= Sardina pilchardus, Spo can= Spondylosoma cantharus, Dip ann= Diplodus 555 
annularis, Boo boo= Boops boops, Pag ery= Pagellus erythrinus, Dip arg= Diplodus argenteus, Dip 556 
sar= Diplodus sargus, Pag aca= Pagellus acarne, Mul bar= Mullus barbatus, Ser cab= Serranus 557 
cabrilla, Pin bra= Pinguipes brasiliaus, Pag pag= Pagrus pagrus, Ser scr= Serranus scriba, Mic pou= 558 
Micromesistius poutassou, Tra tra= Trachurus trachurus, Sco not= Scorpaena notata, Pse sem= 559 
Pseudopercis semifasciata, Zeu fab= Zeus faber, Mer mer= Merlangius merlangus, Sco por= 560 
Scorpaena porcus, Seb ocu= Sebastes oculatus, Mcc mcc= Merluccius merluccius, Lop bud= Lophius 561 
budegassa, Aca pat=Acanthistius patachonicus. Null or negative trophodynamic trends are indicated 562 
with empty circles. Positive trophodynamic trends are indicated with empty triangles. First and third 563 
quartiles are showed with continuous lines. Asterisks (*) identify the species with an inconclusive 564 
trophodynamic trend. 565 
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FIGURE 4 Ranking of importance of morphological traits. Boxplots show the median value, first 566 
and third quartiles, and minimum and maximum values for the conditional variable importance index 567 
in 100 RF models performed. PFP= pelvic fins position, DFS= dorsal fin shape, TLmax = maximum 568 
total length, RMS= relative mouth size, Prg= prognathism, BS= body shape, ES= eye size, A= caudal 569 
fin aspect ratio, MP= mouth position. Shaded boxplots indicate the selected morphological traits. 570 
FIGURE 5 Examples of body form (sensu Keast & Webb, 1966) and traits associated with null and 571 
positive trophodynamic trends. DFSa= continuous dorsal fin shape; DFSb= notched dorsal fin shape; 572 
DFSc= separated dorsal fin shape; PFPa= jugular pelvic fin position; PFPb= thoracic pelvic fin 573 
position; PFPc= abdominal pelvic fin position; RMSa= relative mouth size ends before the eye; 574 
RMSb= relative mouth size ends at anterior edge of the eye; RMSc= relative mouth size ends at center 575 
of the eye; RMSd= relative mouth size ends at posterior edge of the eye. 576 
FIGURE 6 Conceptual size-structured food web model modified from Blanchard et al. (2009). The 577 
illustration shows three size-structured communities with trophic interactions. Each block arrow 578 
represents an ecological pyramid of relative abundance and their relative positions in the illustration 579 
were chosen to gain simplicity. Line arrows indicate potential predator-prey relationships (they are 580 
not-exhaustive). Primary producers, detritus and the smaller size classes, within dashed lines, are 581 
included as a background resource spectrum. Species with negative and null trophodynamic trends 582 
may be pooled as we did in the analyses. 583 
